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Large-Scale Label-Free Quantitative
Proteomics of the Pea aphid-Buchnera
Symbiosis*□S
Anton Poliakov‡‡‡, Calum W. Russell§‡‡, Lalit Ponnala¶, Harold J. Hoops, Qi Sun¶,
Angela E. Douglas§, and Klaas J. van Wijk‡**‡‡
Many insects are nutritionally dependent on symbiotic
microorganisms that have tiny genomes and are housed
in specialized host cells called bacteriocytes. The obligate
symbiosis between the pea aphid Acyrthosiphon pisum
and the -proteobacterium Buchnera aphidicola (only 584
predicted proteins) is particularly amenable for molecular
analysis because the genomes of both partners have been
sequenced. To better define the symbiotic relationship
between this aphid and Buchnera, we used large-scale,
high accuracy tandem mass spectrometry (nanoLC-LTQ-
Orbtrap) to identify aphid and Buchnera proteins in the
whole aphid body, purified bacteriocytes, isolated Buch-
nera cells and the residual bacteriocyte fraction. More
than 1900 aphid and 400 Buchnera proteins were identi-
fied. All enzymes in amino acid metabolism annotated in
the Buchnera genome were detected, reflecting the high
(68%) coverage of the proteome and supporting the core
function of Buchnera in the aphid symbiosis. Transporters
mediating the transport of predicted metabolites were
present in the bacteriocyte. Label-free spectral counting
combined with hierarchical clustering, allowed to define
the quantitative distribution of a subset of these proteins
across both symbiotic partners, yielding no evidence for
the selective transfer of protein among the partners in
either direction. This is the first quantitative proteome
analysis of bacteriocyte symbiosis, providing a wealth of
information about molecular function of both the host cell
and bacterial symbiont. Molecular & Cellular Proteom-
ics 10: 10.1074/mcp.M110.007039, 1–17, 2011.
Animals are metabolically impoverished. They are unable to
synthesize 9 or 10 of the essential amino acids (EAAs)1 and
various cofactors required for the function of key metabolic
enzymes (e.g. the B vitamins). Repeatedly over evolutionary
time, animals have resolved metabolic limitations by forming
intimate symbioses with bacteria possessing the metabolic
capabilities that they lack (1, 2). Among the great diversity of
animal-microbial symbioses with a metabolic basis, the bac-
teriocyte symbioses in insects are remarkable for their inti-
macy (3, 4). The symbiotic microorganisms are intracellular,
located in just one cell type, known as the bacteriocyte, which
sole function appears to be to maintain the symbiosis; Bac-
teriocytes are transmitted vertically from the mother insect to
her offspring usually via the egg cytoplasm. The association is
obligate for both partners. The insect hosts, which generally
feed on nutritionally unbalanced diets, benefit from nutrients
provided by the bacteria (4, 5). For example, all insects feed-
ing through the life cycle on plant sap (e.g. aphids, whitefly,
and leafhoppers) and vertebrate blood (e.g. tsetse fly, bed-
bugs, and sucking lice) have bacteriocyte symbionts that
provide their insect host with nutrients in short dietary supply
(EAAs for plant sap feeders and B vitamins for blood-feeders)
(6, 7). The obligacy of the symbiosis for the bacterial partner
can be attributed to the very small size of their genomes,
generally 1 Mb and, in some taxa, of comparable size to
mitochondria and plastids (8). Relaxed selection on genes not
required in the insect habitat, and genome erosion linked to
the very small effective population size of the vertically trans-
mitted bacteria, both contribute to gene loss of these symbi-
onts (3, 9, 10). It has been suggested that some bacteriocyte
symbionts are organelles (e.g. as defined by requiring import
of host nuclear-encoded gene products, as in mitochondria
and plastids (11)) or on an evolutionary trajectory (e.g. as
evidenced by extensive loss of bacterial gene content) to
organelle status (12).
Symbiosis function, especially the nutritional role of the
symbiotic microorganisms, is relatively well-studied from a
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whole-organism perspective for several bacteriocyte symbio-
ses, but understanding of the molecular basis of these inter-
actions is currently fragmentary. We lack a coherent explana-
tion for the sustained nutrient release from the symbionts and
the coordinated growth/proliferation of the two partners, in
terms of the metabolic pathways and immune effectors of the
host cell and their interactions with the bacteria. The symbi-
osis between the pea aphid Acyrthosiphon pisum and the
-proteobacterium Buchnera aphidicola is particularly ame-
nable for molecular analysis because the genomes of both
partners have been sequenced (13, 14). Moreover, a wealth of
experimental data supports the function of Buchnera, the
upgrading of nonessential amino acids to essential amino
acids (15).
The aim of this study was to address two unresolved key
questions in aphid-Buchnera symbiosis. First, are any aphid
proteins targeted specifically to the Buchnera cells? This
question is of great evolutionary significance because the
targeting of nuclear-encoded proteins is the hall-mark of a
bacterial-derived organelle (16, 17); the presence of such host
proteins within the Buchnera cells would indicate that these
bacterial cells are on their way to become organelles (or
should be defined as organelles already). Second, which
aphid proteins are enriched in bacteriocytes relative to the
whole aphid body? This class of proteins is predicted to
include aphid proteins that contribute directly to the symbiotic
relationship. Of particular interest are proteins with known or
predicted metabolic or immune function, contributing to nu-
trient flux among the partners and regulation of the Buchnera
cells, respectively. In addition, “orphan” proteins (without ob-
vious homologs in other organisms) would suggest specific
adaptation of the aphid to its symbiotic relation with Buch-
nera. Finally, it is conceivable Buchnera cells secrete specific
proteins into the bacteriocyte to contribute to host-symbiont
signal exchange or as a nutritional source of EAAs.
To answer these questions, we carried out a proteome
analysis in which we compared the proteome of whole aphids
with purified intact bacteriocytes, partially purified and highly
purified Buchnera cells, and the host fraction of bacteriocytes.
We applied mass-spectrometry-based label-free spectral
counting to quantify the distribution of proteins across these
fractions, in combination with hierarchical cluster analysis. To
date, the pea aphid and other aphid species have been the
subject of various proteome analyses (18–22), but most did
not address the symbiotic relationship. Only one published
study was specific to the aphid symbiosis; proteins extracted
from isolated Buchnera cells were analyzed by peptide mass
fingerprinting confirming the expression of 50 Buchnera pro-
teins (23). The current study identified more than 1900 aphid
and 400 Buchnera proteins across these various aphid, bac-
teriocyte, and Buchnera fractions. The mass spectrometry-
based identification was performed with a high resolution,
high mass accuracy instrument, operating at its highest res-
olution (100,000), thus yielding a valuable data set that can be
used to improve aphid genome annotation and provide evi-
dence for predicted Buchnera protein models. This study
provides not only excellent proteome coverage of both aphids
and Buchnera, but also answers several important and fun-
damental questions regarding the symbiotic relationship.
EXPERIMENTAL PROCEDURES
Experimental Material and Processing for Proteomics—The pea
aphid Acyrthosiphon pisum was collected from an alfalfa crop at
Freeville farms, Freeville, NY in June 2009, and reared on preflowering
Vicia faba cv. Windsor at 20 °C with 16 h light: 8 h dark (120 E m2
s1). Three independent replicate experiments were conducted on
7-day-old apterous fourth-instar larvae taken from cultures in three
consecutive months between December 2009 and February 2010.
The five samples per experiment (see Fig. 1) comprised: whole aphid
bodies (WB), bacteriocytes dissected from the maternal body cavity
(BC), partially purified Buchnera cells isolated from dissected bacte-
riocytes (Bu-1), Buchnera cells purified by Percoll gradient centrifu-
gation (Bu-2), and supernatant fraction of dissected bacteriocytes
(BR). WB samples comprised five aphids flash-frozen in liquid nitro-
gen, homogenized frozen in a mortar and pestle, and resuspended in
2 SDS-PAGE loading buffer (125 mM Tris-HCl pH 6.8, 10% v/v
-mercaptoethanol, 20% v/v glycerol, 4% w/v SDS, few grains of
bromphenol blue). For BC samples, the maternal bacteriocytes were
dissected with fine pins from 60 aphids into 30 l PBS (0.15 M NaCl,
3 mM KCl, 10 mM Na2HPO4, pH 7.4) final volume, and mixed with 10
l 4 SDS-PAGE loading buffer. For Bu-1, Bu-2, and BR samples,
maternal bacteriocytes were dissected from 100, 700, and 300
aphids, respectively, into ice-cold extraction buffer (25 mM KCl, 10
mM MgCl2, 35 mM Tris-HCl pH 7.5, 0.25 M sucrose), homogenized as
above, and centrifuged at 600  g for 5 min at 4 °C. For BR samples,
the supernatant was collected, and Bu-1 samples comprised the
pellet resuspended in loading buffer. To obtain Bu-2 samples, the
pellet was resuspended in 0.2 ml 0.25 M sucrose, layered onto a step
gradient of 45%, 27%, 18%, and 9% Percoll in 0.25 M sucrose. After
centrifugation at 200  g for 20 min, the band of Buchnera cells
(confirmed by microscopical examination) at the interface between 27
and 18% Percoll was aspirated off, diluted fivefold in the extraction
buffer, centrifuged at 700  g for 5 min, and resuspended in SDS-
PAGE loading buffer. All samples in loading buffer were incubated at
90 °C for 5 min prior to separation by SDS-PAGE.
Proteome Analysis by Nanolc-LTQ-Orbitrap—Proteins were sepa-
rated by SDS-PAGE (10–14% acrylamide). Each gel lane was cut in
10 slices, proteins were digested with trypsin and the extracted
peptides were analyzed by nanoLC-LTQ-Orbitrap (Thermoelectron)
mass spectrometry using data-dependent acquisition and dynamic
exclusion, similar as described in (24). Peptide extracts were auto-
matically loaded on a guard column (LC Packings; MGU-30-C18PM)
via an autosampler, followed by separation on a PepMap C18 re-
verse-phase nano column (LC Packings nan75–15-03-C18PM), using
90-min gradients with 95% water, 5% acetonitrile (ACN), 0.1% formic
acid (FA) (solvent A), and 95% ACN, 5% water, 0.1% FA (solvent B)
at a flow rate of 200 nl/min. The acquisition cycle consisted of a
survey MS scan in the Orbitrap with a set mass range from 350 m/z
to 1800 m/z at the highest resolving power (100,000), followed by five
data-dependent MS/MS scans acquired in the LTQ. Dynamic exclu-
sion was used with the following parameters: exclusion size 500,
repeat count 2, repeat duration 30 s, exclusion time 180 s, exclusion
window  6 ppm. Target values were set at 5  105 and 104 for the
survey and Tandem MS scans, respectively, and the maximum ion
accumulation times were set at 200 ms in both cases. Regular scans
were used both for the precursor and tandem MS with no averaging.
The precursor isolation window was set at 2 m/z with mono-isotopic
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peak selection, and the FTMS preview option was used. The com-
plete analysis comprised three independent biological replicates. In
total 150 MS runs were carried out, with extensive blanks between
each sample to avoid carry-over of peptides that could bias
quantification.
Processing of the MS Data, Database Searches and Upload Into
PRIDE—Peak lists (.mgf format) were generated using DTA super-
charge (v1.19) software (http://msquant.sourceforge.net/) and
searched with Mascot v2.2 (Matrix Science) against a combined
database containing the aphid genome with 34,834 protein-coding
gene models (http://www.aphidbase.com/aphidbase), the Buchnera
genome with 587 protein coding genes (including 14 predicted pseu-
dogenes and a few plasmid genes) (14) (supplemental Table S1) and
187 sequences for known contaminants (e.g. keratin, trypsin) and
concatenated with a decoy database where all the sequences were
reversed; in total this database contained 71,216 protein sequences.
For off-line calibration, first a preliminary search was conducted with
the precursor tolerance window set at30 ppm. Peptides with the ion
scores above 40 were chosen as benchmarks to determine the offset
for each liquid chromatography (LC)-tandem MS (MS/MS) run. This
offset was then applied to adjust precursor masses in the peak lists of
the respective .mgf file for recalibration using a Perl script. The
recalibrated peak lists were searched against the assembled Buch-
nera/aphid database. Each of the peak lists were searched using
Mascot v2.2 (maximum p value of 0.01) for full tryptic peptides using
a precursor ion tolerance window set at 6 ppm, variable methionine
oxidation and fixed cysteine carbamido-methylation and maximally
one missed cleavage allowed. The maximum fragment ion tolerance
(MS/MS) was 0.8 Da. The minimal ion score threshold was chosen
such that a peptide false discovery rate (FDR) below 1% was
achieved. Using an in-house written filter, the search results were
further filtered as follows: For identification with two or more peptides,
the minimum ion score threshold was set to 30. For protein identifi-
cation based on a single peptide, the minimum ion score threshold
was set to 33, and the mass accuracy of the precursor ion was
required to be within 3 ppm. The peptide FDR was calculated as:
2 (decoy_hits)/(target decoy hits) and was below 1%. The FDR of
proteins identified with two or more peptides was zero. Peptides with
less than seven amino acids were discarded. All mass spectral data
(the mgf files reformatted as PRIDE XML files) are available via the
Proteomics Identifications database (PRIDE) at http://www.ebi.ac.uk/
pride/. For those proteins identified with only one unique peptide
(irrespective of charge state and PTM), we provided for each acces-
sion the charge state, m/z value, mass error for the precursor ion, the
peptide ion score and E-value as reported by MASCOT, as well as
assigned MS/MS spectrum (supplemental Data).
The predicted Buchnera proteome is 60-fold smaller than the
predicted aphid proteome. We were concerned that searching a
combined Buchnera/aphid database could potentially lead to mask-
ing some lower scoring Buchnera proteins by the large number of
aphid sequences. Therefore, we searched the spectral data also
against separate aphid and Buchnera databases, but this did not
result in a significant change in identification of Buchnera proteins and
these results will not be further considered (not shown).
Selection of the Best Gene Models, Quantification and Creation of
Protein Groups With a High Percentage of Shared Matched Spectra—
Several aphid genes have more than one gene model, and in such
cases the protein form with the highest number of matched spectra
was selected; if two gene models had the same number of matched
spectra, the model with the lower digit was selected. For quantifica-
tion, each protein accession was scored for total spectral counts
(SPC), unique SPC (uniquely matching to an accession) and adjusted
SPC (25). The latter is the sum of unique SPCs and SPCs from shared
peptides across accessions with SPC distributed in proportion to
their unique SPCs, if applicable. The normalized adjSPC (NadjSPC)
for each protein was calculated through division of adjSPC by the
sum of all adjSPC values for the proteins from that gel lane. To
calculate the relative abundance for each protein sample type (per gel
lane), the total adjSPC was divided by the predicted protein length,
yielding the spectral abundance factor (SAF). The SAF values were
then normalized to the total SAF of proteins identified in the gel lane,
yielding normalized spectral abundance factors (NSAFs). NadjSPC
provides a relative protein abundance measure by mass, whereas
NSAF estimates relative protein concentration within a particular
sample. Proteins that shared more than 80% of their matched
adjusted peptides with other proteins across the complete data set
were grouped into clusters by generating a similarity matrix through
calculation of the dice coefficient between each pair of identified
proteins as described in (25). In all analyses the group was repre-
sented by a single member of the group with the highest value of
adjSPC across all experiments and highest alphabetical order.
Functional Classification of Quantified Proteins—Aphid proteins
were classified by Gene Ontology (GO) (www.geneontology.org/) us-
ing only GO terms within ‘molecular function’. GO terms for each
protein were collated, and then every GO term was ranked according
to its abundance in the data set. All GO terms with 10 entries in the
data set were assigned to one of seven functional groups: Metabo-
lism, Signaling, Structural, Homeostasis, Transport, Information
Transfer (i.e. associated with transcriptional and translational machin-
ery), or “Other” for proteins without GO terms. All proteins described
by the highest ranking GO term (i.e. with the most proteins) were
assigned to the relevant functional group. The procedure was then
repeated for the remaining proteins, using the second-ranking GO
term; then the third, and so on. This procedure excluded multiple
scoring of proteins. Multifun classification, developed for Escherichia
coli (26), is better suited than GO for the small and functionally biased
Buchnera gene content. Buchnera proteins were classified into six
Multifun categories, selected manually to accommodate the function
of expressed proteins: Metabolism (Multifun category 1); Information
Transfer (Multifun category 2, except 2.3.4); Transport (Multifun cat-
egory 4), Flagellum (Multifun category 6.4), Homeostasis, comprising
Protection (Multifun category 5.6) and Chaperones & Stress Re-
sponse (Multifun categories 2.3.4 & 5.5); and Other. To avoid double-
counting proteins with multiple Multifun category entries, the arbitrary
rule was adopted that any proteins entered as (a) Metabolism or
Information Transfer, and (b) another category (Transport, Homeosta-
sis) were omitted from the list of Metabolism and information Transfer
proteins.
Hierarchical Clustering Analysis—Proteins with similar profiles
across the samples in Fig. 1 were grouped by hierachical clustering,
a method that requires no prior assumptions about the number of
clusters (27). Proteins with abundance 0.001 nadjSPC were ex-
cluded, after tests with different thresholds confirmed that this level
was optimal (not shown). Using the Statistics toolbox of MATLAB
version 7 (Mathworks, Inc.), the linear correlation () between every
pair of proteins with NadjSPC distribution across the protein profiled
of WB, BC, Bu-1, Bu-2, and BR:,X1,…Xn and Y1,,…Yn where n  5.
XY

j1
n
Xj X	Yj Y	

j1
n
Xj X	2
j1
n
Yj Y	2 (Eq. 1)
was derived. This was then converted into a distance measure 
XY
 1  XY. Protein pairs with similar profiles across the fractions
have higher correlations and in turn, have smaller distance values. A
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linkage map based on the average distance among protein pairs was
then constructed to yield a hierarchical cluster tree (dendrogram).
Transmission Electron Microscopy—Buchnera samples prepared
as for Bu-1 samples (see above) were fixed on ice-cold 2% glutaral-
dehyde in 0.05 M cacodylate buffer and 4% sucrose for 2 h, postfixed
on 1% osmium tetroxide for 1 h, and dehydrated in ethanol series.
The pellet was embedded in Qyetol 651 epoxy resin (Electron Micros-
copy Sciences, Hartfield, PA) and polymerized for 8 h at 60 °C. After
sectioning and staining with lead citrate and uranyl acetate, the
samples were examined hours at 60 °C. After sectioning and staining
with lead citrate and uranyl acetate, the samples were examined with
a Morgagni model 268 TEM (FEI Co., Hillsboro, OR) operated at 80
kV. Images were obtained on a model AMT XR-40 four megapixel
CCD digital camera (Advanced Microscope Techniques Corp,
Woburn, USA).
RESULTS
Biological Properties of the Fractions Used for Proteome
Analysis—We generated a series of samples from pea aphids
(by combined dissection, homogenization, and differential
centrifugation; three independent replicates) designed to ob-
tain progressive enrichment of the symbiotic bacterium Bu-
chnera from the whole body of the aphids (WB) through
dissected bacteriocytes (the cells containing Buchnera, BC),
partially purified from dissected maternal bacteriocytes (Bu-1)
to Buchnera cells purified by Percoll gradient centrifugation
(Bu-2) (Fig. 1). The fifth set of samples comprised the residual
fraction of dissected bacteriocytes (BR), which did not contain
intact Buchnera cells detectable by light microscopy. Trans-
mission electron microscopy revealed that the isolated Buch-
nera cells were intact and were bounded by two membranes
(Fig. 1, insert), in contrast to three membranes bounding
Buchnera cells in the bacteriocyte (and present in BC sam-
ples) (28), suggesting that the outermost membrane, known
as the symbiosomal membrane of aphid origin, was elimi-
nated during preparation of Bu-1 and Bu-2.
Proteomics Workflow for Identification and Quantification of
Aphid and Buchnera Proteins—The proteomics workflow is
summarized in Fig. 2. The proteins in each sample were
FIG. 1. The five fractions used for the proteome analysis. The
maternal bacteriocytes form a U-shaped organ in the body cavity of
the insect (green in WB sample) and were dissected from the insects
for preparation of the other samples. The aphids also contain bacte-
riocytes in their embryos (not illustrated), which contributed to the
proteome of WB only. The Buchnera from Bu-1 sample (TEM image
insert) are bounded by the inner bacterial membrane (1) and outer
bacterial membrane (1), demonstrating that the symbiosomal mem-
brane of aphid origin is lost during preparation.
FIG. 2. Experimental and bioinfor-
matics workflow of the proteome
analysis.
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separated by SDS-PAGE (Fig. 3A), followed by processing of
the gel lanes for data-dependent MS/MS analysis using a
nanoLC-ESI-LTQ-Orbitrap mass spectrometer. Three inde-
pendent biological replicates were used. Using MASCOT soft-
ware, the spectral data were searched against the combined
aphid genome sequence and the Buchnera sequenced ge-
nome. The search results were further processed to: (i) reduce
false positive identification, (ii) avoid over-identification of
members of protein families, and (iii) select the best gene
model for each gene. This finally resulted in identification of
1940 aphid proteins (out of 34,616 predicted aphid proteins,
counting only one model per gene) and 400 Buchnera pro-
teins (out of 584 predicted proteins and pseudogenes)
(supplemental Table S1A). Thus we identified 68% of the
predicted Buchnera proteome. Using the predictor TM-HMM
(http://www.cbs.dtu.dk/services/TMHMM/), and the signal
peptide predictor SignalP (http://www.cbs.dtu.dk/services/
SignalP/) to remove false positive single transmembrane do-
main (TMD) proteins, we estimated that the theoretical Buch-
nera proteome has about 85 integral -helical TMD proteins.
We detected 37 of these TMDs proteins (43%) indicating that
these TMD were well represented in the identified proteome
even if they were somewhat underrepresented as can be
expected.
To allow quantitative analysis of the distribution of identified
proteins within and across the different fractions, we used the
spectral count (SPC) information. The spectral counting tech-
nique is based on the observation that the number of suc-
cessful MS/MS acquisitions of peptides coming from a pro-
tein shows a positive and linear correlation to the relative
concentration of this protein in the studied sample (24, 29,
30). Spectral counting is particularly effective to detect large
quantitative differences (much better than stable isotope la-
beling techniques), as expected in our study when comparing
cellular fractions that are very different in function and com-
position. Meaningful spectral counting of complex proteomes
requires a mass spectrometer with a high duty cycle and
benefits from high resolution and high accuracy instrument
such as the LTQ-Orbitrap as it reduces the false positive rate
of peptide identification (31, 32). We previously developed the
SPC workflow and tested it for Arabidopsis and maize organ-
elles, cell-types, and complexes (24, 33, 34). The relative
amount (mass) of each identified protein within each replicate
was calculated based on the adjusted number of matched
MS/MS spectra (adjSPC), normalized by the sum of adjusted
SPC in the replicate, yielding NadjSPC. For quantification
purposes, proteins that shared more than 80% of their
matched MS/MS spectra were grouped using the workflow
FIG. 3. The proteome of the pea aphid and bacteriocyte fractions. A, 1D-SDS-PAGE gel lanes of the five different types of fractions (WB,
BC, Bu1-, Bu-2, and BR) stained with Coomassie Brilliant Blue. Only one of the three independent biological replicates is shown here. B, C,
Total number of proteins (B) and total mass of proteins (C) based on NadjSPC of aphid origin (gray) and Buchnera origin (white). D, Functional
classification of quantified proteins, expressed as number of proteins (top row) and abundance, expressed as mean NSAF normalized to total
aphid or Buchnera proteins (bottom row). Details (protein accession number and individual NadjSPC and NSAF) can be found in
supplemental Table S1B.
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developed in (25) (Fig. 2). The relative concentration for each
identified protein was calculated as the NSAF, which was
calculated from adjSPC weighted for protein length (24). In
total 254 aphid proteins were assigned into 104 groups. Just
2 Buchnera proteins needed to be grouped, which is consis-
tent with the low proteome complexity and absence of gene
duplications (supplemental Table S1B).
Whereas there has now been ample demonstration that
label-free spectral counting is a viable method for protein
quantification, it was important to test the variation among
biological replicates for each sample type. Such variation
could result from the fractionation and isolated procedures
and/or the complete proteomics workflow from SDS-PAGE, in
gel digests and MS/MS itself. Therefore, the reproducibility
among the biological replicates within each of the five sample
types (WP, BC, Bu1, Bu2, and BR) was determined by Pear-
son’s linear correlation analysis, summarized in Table I. The
pair-wise correlations were calculated for the proteins present
in each replicate pair and showed that the replicates were
highly similar (coefficients between 0.87 and 0.98). This
shows that we were able to reproducible generate the differ-
ent subcellular fractions and that the proteomics workflow
was robust. We also calculated the correlation coefficient for
groups of proteins within specific expression intervals (one
order of magnitude each). This confirmed the notion that
quantification is more reliable for proteins with higher num-
bers of matched spectra. In particular, the correlation for
proteins with NadjSPC 0.001 (i.e. those that represent more
than 0.1% of the total protein mass) showed good reproduc-
ibility (Table I). We note that all correlations were done prior to
the grouping by similarity matrix of closely related proteins
(supplemental Table S1A; see Fig. 2); the grouping will de-
crease variation and therefore our test measured the worst-
case scenario.
Figs. 3B and 3C display the number of aphid and Buchnera
proteins and the total adjSPC in each of the five sample types.
The aphid proteins were substantially depleted (in number
and mass) in the BC samples and even more in Bu-1 and Bu-2
TABLE I
Pearson’s linear correlation analysis for the NadjSPC values across the three biological replicates for each of the five sample types. Within each
comparison, 0–0 pairs were removed to avoid artificial increase of the correlation values. For each pair is listed: the correlation coefficient, the
p value in paranthesis, and the number of proteins in brackets
Avg (NadjSPC) 0 (i.e. all detected proteins)
Sample REP(1,2) REP(2,3) REP(1,3)
WB 0.911046 (0.000000) 1456 0.935535 (0.000000) 1577 0.915923 (0.000000) 1755
BC 0.973189 (0.000000) 1026 0.975794 (0.000000) 930 0.968234 (0.000000) 1137
Bu1 0.942316 (0.000000) 737 0.949920 (0.000000) 650 0.966941 (0.000000) 785
Bu2 0.950022 (0.000000) 519 0.956288 (0.000000) 521 0.973451 (0.000000) 553
BR 0.907301 (0.000000) 1156 0.946602 (0.000000) 1236 0.870057 (0.000000) 1408
Avg (NadjSPC)   0.01
Sample REP(1,2) REP(2,3) REP(1,3)
WB 0.901750 (0.000362) 10 0.968338 (0.000004) 10 0.927791 (0.000109) 10
BC 0.994483 (0.000000) 11 0.996094 (0.000000) 11 0.995430 (0.000000) 11
Bu1 0.989705 (0.000000) 15 0.990646 (0.000000) 15 0.991988 (0.000000) 15
Bu2 0.982754 (0.000000) 18 0.990855 (0.000000) 18 0.984292 (0.000000) 18
BR 0.933994 (0.000001) 14 0.952317 (0.000000) 14 0.863387 (0.000069) 14
Avg (NadjSPC)   0.001 and 0.01
Sample REP(1,2) REP(2,3) REP(1,3)
WB 0.676583 (0.000000) 190 0.807994 (0.000000) 190 0.722070 (0.000000) 190
BC 0.651988 (0.000000) 185 0.693290 (0.000000) 185 0.495089 (0.000000) 185
Bu1 0.743508 (0.000000) 178 0.521708 (0.000000) 178 0.557247 (0.000000) 178
Bu2 0.779909 (0.000000) 170 0.675159 (0.000000) 170 0.674097 (0.000000) 170
BR 0.558248 (0.000000) 188 0.835215 (0.000000) 188 0.619625 (0.000000) 188
Avg (NadjSPC)   0.0001 and 0.001
Sample REP(1,2) REP(2,3) REP(1,3)
WB 0.211049 (0.000000) 821 0.312124 (0.000000) 811 0.370317 (0.000000) 835
BC 0.159327 (0.000240) 527 0.315368 (0.000000) 473 0.137764 (0.001402) 535
Bu1 0.121923 (0.023725) 344 0.178438 (0.001819) 303 0.014824 (0.783194) 347
Bu2 0.195202 (0.003078) 228 0.123246 (0.068064) 220 0.071228 (0.286327) 226
BR 0.099402 (0.011413) 647 0.388469 (0.000000) 614 0.135713 (0.000445) 666
Avg (NadjSPC)   0.00001 and 0.0001
Sample REP(1,2) REP(2,3) REP(1,3)
WB 0.606859 (0.000000) 435 0.362424 (0.000000) 525 0.558647 (0.000000) 679
BC 0.499333 (0.000000) 301 0.392403 (0.000000) 227 0.495410 (0.000000) 374
Bu1 0.547358 (0.000000) 197 0.540131 (0.000000) 129 0.566530 (0.000000) 221
Bu2 0.679944 (0.000000) 103 0.350547 (0.000141) 113 0.447838 (0.000000) 139
BR 0.591225 (0.000000) 304 0.379592 (0.000000) 372 0.539781 (0.000000) 495
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samples, whereas Buchnera proteins were enriched in BC
samples, relative to WB. The number and identity of Buchnera
proteins detected were very similar among the three prepa-
rations dominated by Buchnera, i.e. BC, Bu-1, and Bu-2
(Fig. 3A and supplemental Tables S1A, S1B), suggesting that
the proteome analysis had been successful in capturing the
great majority of Buchnera proteins (see next section). This
analysis shows that the fractionation procedure and pro-
teome analysis were successful technically, providing a ba-
sis for the analysis of aphid and Buchnera proteins, and
their distribution across the different samples.
The Buchnera Proteome—The most appropriate prepara-
tion for quantitative analysis of Buchnera proteins within the
Buchnera cells was the most highly purified Buchnera prep-
aration, Bu-2. The relative concentration (NSAF) of the 388
Buchnera proteins in the Bu-2 samples spanned nearly four
orders of magnitude from 0.00015% to 8.7% (supple-
mental Table S1B). All identified Buchera proteins were
assigned to one of seven functional groups (see supple-
mental Tables S1A, S1B). The distribution of the proteome
across these seven groups (Fig. 3D), showed that primary me-
tabolism and information transfer (DNA, RNA and protein trans-
formations) accounted together for 76% of the number of iden-
tified proteins and 65% of the total protein concentration.
The most abundant Buchnera protein was GroEL
(NP_239860.1), a molecular chaperone previously demon-
strated as an abundant protein of Buchnera (35). GroEL ac-
counted for 8.7% of the protein concentration in the Bu-2
samples; and it was the most abundant protein in every other
sample type, with NSAF values of 2.9% for WB, 10% for BC,
and 4.9% for BR. GroES (NP_239859.1), the co-protein of this
chaperone, was also abundant in Bu-2 samples (ranked #12
in relative concentration, 1.1% NSAF). This first quantitative
proteome study of the aphid-Buchnera symbiosis offers the
strongest confirmation of many studies over the last 25 years
that GroEL is the dominant Buchnera protein (36–38). GroESL
is believed to play a crucial role in the stabilization of the
proteins coded by the many Buchnera genes that have accu-
mulated deleterious mutations as a result of repeated popu-
lation bottlenecks at vertical transmission (39). Other high-
ranking chaperones detected were the Hsp70 family member
DnaK (NP_239985.1, #5, 1.8%), and HtpG (NP_240294.1, #6,
1.5%) (in parentheses are provided the gene name, and the
rank number and %NSAF in Bu2). The second most abundant
Buchnera protein in Bu-2 samples was AhpC (NP_240013.1),
alkyl hydroperoxide reductase (4.3%), with a predicted role in
eliminating hydrogen peroxide. Overall, the Buchnera proteins
classified to a protective role, both against protein denatur-
ation and against environmental stress (Multifun categories 2,
3, 4, and 5) accounted for 20% NSAF (Fig. 3D).
It is well established that the core function of Buchnera in
the aphid symbiosis is the synthesis of EAAs, which are
supplied to the aphid host (40). All enzymes in amino acid
metabolism annotated in the Buchnera genome were de-
tected in the proteome (supplemental Tables S1A, S1B,
and S2). The relative concentration of proteins contributing to
EAA synthesis ranged from 0.002% (ArgE, NP_239884.1) to
1.28% (IlvC, NP_240398.1). The median NSAF for proteins
varied significantly among the various EAA biosynthetic path-
ways (Kruskal Wallis test: H8  16.73, p  0.05), but the
significance was lost when the arginine biosynthetic pathway
was omitted from the data (Kruskal Wallis test: H7  12.69,
p  0.05). The cumulative NSAF for EAA synthesis proteins
was 16%. This value represented nearly half of the total NSAF
(35%) in Bu-2 for proteins with metabolic function. Proteins
involved in DNA, RNA and protein transformations are classi-
fied separately from the metabolic enzymes and collectively
represent NSAF of 30% (Fig. 3D).
Buchnera has the genetic capacity to synthesize the struc-
tural components of the flagellum, except for flagellin, FliC,
and flagellar motor proteins; and the flagellar bases are uni-
formly distributed over the outer surface of Buchnera cells
(23). Twenty flagellar proteins could be quantified, including
the nine proteins reported previously (23), collectively ac-
counting for 3.5% of NSAF (Fig. 3D).
Buchnera has 14 genes with predicted capacity to transport
small molecules across its inner membrane. Six transporter
proteins were detected: two channels, OmpF (NP_240177.1) at
high relative concentration (#4, 1.95% NSAF) and MscS
(NP_240264.2, #394 0.017%), but not the third predicted chan-
nel protein, the glyceroaquaporin GlpF (NP_240129.1); both of
the phosphotransferase systems PtsG (NP_240174.2, #279,
0.05%) and MtlA (NP_240376.1, #346, 0.029%); the phosphate
transporter PitA (NP_240390.1, #543, 0.0022%); and one sub-
unit, MdlB (NP_240291.1, #558, 0.0013%), of the ABC trans-
porter MdlAB. TheBuchnera genes secABEGY code for the Sec
protein export system of Buchnera, of which SecAEGY were
detected in Bu-2 samples, and SecB in Bu-1 (but not Bu-2)
samples. The Buchnera proteins with transport function in Bu-2
samples represented 5% of the total protein concentration.
There are 14 predicted pseudogenes in the Buchnera ge-
nome, but the possibility that at least some may code for pro-
teins is raised by the evidence for transcriptional slippage in
Buchnera (41). One of the 14 pseudogenes with transcriptional
slippage was detected in the proteome: DdlB (D-alanine-D-ala-
nine ligase B (BB0079). Insertion of an extra A by transcriptional
slippage would mediate amino acid sequence switch from
frame-1 to frame-3 and the reconstructed DdlB protein (307
amino acids) includes the predicted site of transcriptional slip-
page and the residues contributing to the active site, E15, S150,
and S281 (supplemental Fig. S1). The proteome analysis de-
tected most of the amino acid residues of this 307 aa protein,
including protein sequence for both frame-1 and frame -3
(supplemental Fig. S1). However, we cannot exclude that also a
truncated protein accumulated resulted from just frame 1 trans-
lation and full functionality of the stop codon.
The Aphid Proteome—A total of 1943 individual aphid pro-
teins were detected, representing the largest aphid proteome
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set to date, and assigned to one out of seven functional
groups (supplemental Table S1A). Of these, 1762 (90%) were
present in the WB samples and 1414 (73%) were detected in
one or more of the bacteriocyte samples (i.e. BC, BR, Bu-1,
Bu-2). The very abundant proteins were generally common
across all samples. For example, the ten most abundant aphid
proteins in the WB samples were mostly ranked in the top 30
aphid proteins in the BR and BC samples, and vice versa.
Among the four sample types derived from dissected bacte-
riocytes (Fig. 1), the greatest number of aphid proteins (1,171)
were detected in the BR samples (Fig. 3B). The aphid proteins
detected in bacteriocyte samples other than BR were gener-
ally of low abundance (median 0.0003% NSAF). Our detailed
functional analysis of the proteome in the bacteriocyte and
whole aphid was conducted on the WB and BR samples. The
most strongly represented functional class in both WB and BR
was metabolism, whether expressed per number of proteins
or protein mass (Fig. 3D). The representation of functional
classes was similar in WB and BR samples on the protein
number basis, but metabolism was relatively over-repre-
sented and structural proteins under-represented in BR on the
quantitative (NSAF) basis.
Cluster Analysis of Protein Partitioning Between Aphid and
Buchnera Compartments—To investigate the partitioning of
host and symbiont proteins to the bacteriocyte and Buchnera
fractions, the proteins with abundance0.001 NadjSPC were
subjected to hierarchical clustering, generating the dendro-
gram shown in Fig. 4. We used this cutoff based on the
correlation analysis presented above (Table I) and also after
testing clustering with different cutoffs. Two main clusters
were detected, with cluster-A containing proteins that are
depleted in Bu-1 and Bu-2 samples, and cluster-B comprising
proteins enriched in these samples. Cluster-A could be di-
vided into several subclusters, including subcluster A2 con-
taining proteins enriched in bacteriocytes, and subcluster
A1b-1 comprising proteins depleted in bacteriocytes (Fig. 4;
cluster ids are provided for all clustered accessions in
supplemental Table S1B).
The contribution of aphid and Buchnera proteins to the
different clusters was analyzed. All the Buchnera proteins
were restricted to cluster B. In other words, we did not find
evidence for the selective export of proteins from Buchnera
cells into aphid cells. Even so, Buchnera proteins were de-
tected in the BR samples (which lacked Buchnera cells, as
determined by light microscopical analysis). Consistent with
the interpretation that these proteins were derived from Bu-
chnera cell breakage during sample preparation (and not se-
lective secretion), the abundance of Buchnera proteins pres-
ent in both the Bu-2 and BR samples was significantly
correlated (Spearman’s Rank Test: rs  0.536, p  0.001).
Only four aphid proteins were allocated to cluster B repre-
senting proteins highly enriched in the purified Buchnera cells
indicating that the great majority of aphid proteins were not
associated selectively with Buchnera cells, as expected. Thus
except for possibly these four proteins, no aphid proteins
were detected that appeared synthesized specifically for
sorting into the Buchnera cells. These four proteins are:
ACYPI001025 (mitochondrial -ketoglutarate/malate carrier
protein), ACYPI002559 (monocarboxylate transporter),
ACYPI0004040 (a conserved hypothetical protein and or-
tholog, by reciprocal top BLAST hit, to Drosophila CG2206),
and ACYPI004434 (elongation factor 1). Careful manual
evaluation of the distribution and abundance, as well as the
experimental variation (i.e. CVs of NadjSPC) of these four
proteins across the four fractions, did not show robust evi-
dence that these four proteins were indeed specifically en-
riched in Buchnera cells. Rather these four proteins were
contaminants in BR samples. We conclude therefore that the
proteome analysis did not support the hypothesis that a sub-
set of aphid proteins is specifically synthesized to carry out
functions within the Buchnera cells.
Aphid Proteins Enriched in Bacteriocyte Samples—Of the
84 aphid proteins in subcluster-A2, enriched in bacteriocyte
fractions (supplemental Table S1B), 60 (71%) had an anno-
tated function in metabolism. These proteins and the five
enriched transporters are considered below. Among the re-
maining proteins in this category, three classes were of par-
ticular interest. First were 8 of the 13 annotated subunits of
vacuolar-type H-ATPase (V-ATPase), including ACYPI002584
and ACYPI010077, ranked #4 and #9 and with NSAF 1.33%
and 1.11%, respectively. Second were the two subunits of
phenoloxidase, ACYPI001367 (ranked #115th NSAF 0.028%)
and ACYPI004484 (#650, 0.016%), the sole proteins among
the pea aphid gene products with an annotated defensive
function (41) enriched in bacteriocytes. Finally, one protein,
ACYPI005979 (#277, 0.087%) was one of the five rare lipo-
proteins (Rlp A_5) that has been acquired by lateral gene
FIG. 4. Hierarchical cluster analysis of protein distribution
across the five fractions. The abundance is indicated by the colors,
expression increased from green to black to red. There are two
main clusters (A and B), with cluster A divided in four subclusters.
Accessions numbers in each of these clusters can be found in
supplemental Table S1B. None of the Buchnera proteins were found
in cluster A.
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transfer from a bacterial donor (not Buchnera) and is known to
be transcribed in aphid bacteriocytes (42).
Aphid Enzymes in Amino Acid Metabolism Enriched in Bac-
teriocytes—Many of the proteins with metabolic function en-
riched in bacteriocyte fractions (subcluster-A2) were related
to amino acid transformations, and their enrichment is pre-
dicted to be linked to the biosynthesis of amino acids by
Buchnera. Metabolic network analysis (43) has revealed that
Buchnera requires an input of four amino acids to support its
amino acid biosynthetic function: glutamate, glutamine, as-
partate, and serine. The enzymes mediating the biosynthesis
of these amino acids (and no other amino acids) were all
enriched in bacteriocytes.
Glutamine synthetase (GS: ACYPI001461,#148, 0.16%)
and glutamate synthetase (GOGAT: ACYPI000303, #180,
0.13%) were strongly represented (in parentheses are pro-
vided the gene name, and the rank number and mean%NSAF
normalized to total mean aphid proteins in BR samples).
GS/GOGAT mediates the synthesis of glutamate and, where
ammonia is not limiting and the demand for glutamate is not
high, net glutamine is also generated (Fig. 5A). A candidate
asparaginase, which mediates the hydrolysis of asparagine
to aspartate, was also enriched (ACYPI005215, #14, 0.88%)
(Fig. 5B). Finally, all three enzymes in serine biosynthesis
from 3-phospho-D-glycerate were represented in subcluster
A2: D-3-phosphoglycerate dehydrogenase (ACYPI006664,
rank #10, 1.04%), phosphoserine aminotransferase
(ACYPI004666, #64, 0.3%), and phosphoserine phospha-
tase (ACYPI000304, #83, 0.24%) (Fig. 5C).
Subcluster A2, comprising aphid proteins enriched in the
bacteriocytes, also included enzymes in the degradation of
the tripeptide glutathione (-L-glutamyl-L-cysteinylglycine) to
FIG. 5. Reactions and transport of metabolites across the aphid-Buchnera interface, deduced from the proteome of bacteriocytes.
Blue arrows: reactions mediated by aphid proteins enriched in bacteriocytes (subcluster A2); green arrows: reactions mediated by aphid
proteins depleted (subcluster A1b-1) or undetectable in bacteriocytes; white arrows: reactions mediated by aphid proteins that are not
differentially expressed between whole body and bacteriocyte samples; orange arrows: reactions mediated by Buchnera proteins (cluster B);
dotted arrows: transport reactions. A, Synthesis of glutamate and glutamine. B, Synthesis of aspartate. C, Synthesis of serine and reductive
assimilation of inorganic sulfate into cysteine. D, Synthesis of ornithine from proline. E, synthesis of branched chain amino acids. F, Reactions
mediated by cystathionine--lyase (ACYPI000593). G, gluconeogenesis. H, Purine synthesis and recycling.
Proteomics of the Pea Aphid-Buchnera Symbiosis
Molecular & Cellular Proteomics 10.6 10.1074/mcp.M110.007039–9
 by guest on A
ugust 23, 2019
http://w
w
w
.m
cponline.org/
D
ow
nloaded from
 
its constituent amino acids: specifically three isoforms of the
peptidase PepN (ACYPI006675, #96, 0.22%; ACYPI009427,
#156, 0.15%; ACYPI001203, #360, 0.065%) and 5-oxoproli-
nase (ACYPI004211, #405, 0.057%). Components of the gly-
cine cleavage system, generating CO2 and ammonia were
also enriched (ACYPI002795, #116, 0.19%; ACYPI005060,
#175, 0.14%). Taken together with the presence of glutathio-
nine synthase and enzymes for utilization of host-derived
serine in cysteine and glycine synthesis in the Buchnera pro-
teome, these data raise the possibility that Buchnera medi-
ates the reductive assimilation of inorganic sulfate into cys-
teine, which is then delivered back to the aphid in the form of
glutathione; with subsequent PepN-dependent recovery of
cysteine from the glutathione, together with the degradation
of glycine and recycling of glutamate. This putative cycle is
illustrated in Fig. 5C.
The most abundant protein in the bacteriocyte proteome
was ornithine aminotransferase (OAT) (ACYPI009480, #2,
1.67%), which mediates the reversible interconversion of or-
nithine and glutamate--semialdehyde. In many animals, OAT
is responsible for ornithine degradation, a key step in the
degradation of arginine to glutamate, but the aphid apparently
lacks an arginase (44), which mediates the first step in argi-
nine degradation, and a catabolic role of OAT is, therefore,
unlikely. Other data are consistent with the alternative inter-
pretation that OAT mediates ornithine synthesis, specifically
from proline (Fig. 5D). Specifically, the bacteriocytes were
enriched for proline dehydrogenase (ACYPI002180, #221,
0.11%), the first step in the proline degradation pathway,
yielding glutamate--semialdehyde, the substrate for OAT;
but the protein catalyzing the degradation of glutamate--
semialdehyde to glutamate (ACYPI006676) and reverse re-
action generating glutamate--semialdehyde from gluta-
mate (ACYPI000665) were under-represented in the
bacteriocyte samples. The metabolic fate of ornithine may
include the provision of ornithine to Buchnera, supple-
menting the endogenous supply of this substrate for
arginine synthesis. Importantly, ornithine decarboxylase
(ACYPI002369 and ACYPI008106) which mediates the syn-
thesis of putrescine, the substrate for polyamine synthesis
by both aphid and Buchnera, was not detected. A role in
arginine synthesis is further indicated by the significantly
greater abundance of Buchnera proteins mediating the syn-
thesis of arginine from ornithine than those mediating the
synthesis of ornithine from glutamate (t6  3.44, p  0.05)
(Fig. 6).
Branched chain amino acid aminotransferase (BCAT)
(ACYPI008372, #110, 0.2%) was enriched (Fig. 5E). BCAT in
animals generally serves as the first step in the degradation of
branched chain amino acids (BCAs, comprising leucine, iso-
leucine and valine), but it has been suggested that, in the pea
aphid, this enzyme may mediate the final step in BCA synthe-
sis, compensating for the absence of the equivalent gene,
ilvE, in Buchnera (44). Other enzymes in BCA degradation
were undetectable or depleted in bacteriocytes, including
ACYPI002372 (acyl CoA dehydrogenase) mediating the
equivalent intermediate step in isoleucine and valine degra-
dation (from S-2-methyl-butyryl-CoA to tiglyl-CoA, and from
isobutyryl-CoA to methylacrylyl-CoA, respectively), and
ACYPI002843 (acetyl-CoA acetyltransferase), which catalyzes
the final step in isoleucine degradation to acetyl CoA
(ACYPI002843 also mediates the final step in the degradation
of a second amino acid, lysine, which is not a BCA). These
data support the hypothesis that BCAT has a predominantly
biosynthetic function in the bacteriocyte.
Buchnera additionally lacks the gene for a second enzyme
in the biosynthesis of one BCA, isoleucine: threonine dehy-
dratase (ilvA), which mediates the production of the 2-oxobu-
tanoate from threonine. It has been proposed that this re-
action is mediated by the aphid threonine dehydratase
(ACYPI006784), with the transfer of threonine from Buchnera
to aphid, and of 2-oxobutanoate in the reverse direction (14).
Contrary to this hypothesis, ACYPI006784 was not detected
in the aphid proteome. A candidate alternative source of
2-oxobutanoate is cystathionine--lyase (CGL) (ACYPI000593,
#71, 0.27%), which is included in subcluster A2. Of the three
reactions that CGL is annotated to mediate (Fig. 5F), two yield
2-oxobutanoate: from the substrates cystathionine and ho-
moserine. Cystathionine could be derived from hemolymph
(various insects have appreciable hemolymph cystathionine
levels, although this has not been investigated in aphids (45,
46). Cystathionine is an intermediate in methionine degrada-
tion, but this pathway is apparently not functional in bacterio-
cytes because all aphid proteins annotated to this pathway
were undetected in BC, Bu-1, Bu-2, and BR samples, apart
from ACYPI004816 (present at low abundance in BR sam-
ples). The alternative substrate yielding 2-oxobutanoate, ho-
moserine, is synthesized by Buchnera. CGL activity is also
potentially a source of ammonia substrate for GS/GOGAT
(Fig. 5A) and pyruvate for gluconeogenesis (see below).
Two enzymes in synthesis of the aromatic amino acid tyro-
sine are also assigned to subcluster A2: phenylalanine hy-
droxylase (ACYPI007803, #18, 0. 74%) mediating the con-
version of phenylalanine to tyrosine, and dihydropteridine
reductase (ACYPI006909, #33, 0.43%), in the recycling of
FIG. 6. Abundance of individual Buchnera enzymes involved in
the synthesis of arginine within the purified Buchnera cells.
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tetrahydrobiopterin, the reductant in the phenylalanine hy-
droxylase reaction. These results confirm the evidence from
the bacteriocyte transcriptome (47) that the bacteriocyte is an
important source of tyrosine.
Aphid Enzymes in Gluconeogenesis Enriched in Bacterio-
cytes—Both of the two rate-limiting steps in gluconeogenesis
were included in subcluster A2: phosphoenolpyruvate car-
boxykinase (ACYPI001978, #203, 0.12%) and fructose-1,6-
bisphosphatase (ACYPI002694, #121, 0.18%). The glucose
generated by this route may be translocated to Buchnera, for
which glucose is the major carbon source (43). Glucose might
also be used in sorbitol synthesis, as indicated by the enrich-
ment of aldose reductase (ACYPI005685, #153, 0.16%),
which mediates the NADPH-dependent reduction of glu-
cose to sorbitol (Fig. 6G). Trehalose-6-phosphate synthase
(ACYPI006164) was assigned to subcluster A1b-1, depleted
in bacteriocytes, indicating that the major hemolymph sugar
trehalose is not a major fate of glucose synthesized in the
bacteriocyte. The noncarbohydrate carbon substrates for glu-
coneogenesis may include acetate, fumarate, succinate, and
-ketoglutarate, all predicted net products of Buchnera me-
tabolism (43) fed into the TCA cycle and converted to oxalo-
acetate; and the degradation of glycine, which is a glucogenic
amino acid (i.e. can be converted to glucose via gluconeo-
genesis). Glycerol, derived from the degradation of triglycer-
ides, is unlikely to contribute to gluconeogenesis because
four proteins with a role in -oxidation of fatty acids were
in subcluster A1b-1, depleted in bacteriocyte samples:
ACYPI001113 and ACYPI003232 (acyl-CoA dehydroge-
nases), ACYPI006589-PA (3-hydroxyacyl-CoA dehydrogen-
ase), and ACYPI008366-PA (acetyl-CoA acyltransferase). One
of these proteins, ACYPI006589, is also annotated to mediate
a key step in the degradation of the glucogenic branched
chain amino acid valine. This and the data above suggest that
amino acids are also not major substrates for gluconeogen-
esis in bacteriocytes.
Aphid Enzymes in Purine Metabolism Enriched in Bacterio-
cytes—Two of the three isozymes of ribose phosphate pyro-
phosphokinase, which mediates the synthesis of 5-phospho-
ribosyl-1-pyrophosphate (PRPP) from ribose-5-phosphate,
were assigned to subcluster A2 (ACYPI006288, #79, 0.25%,
and ACYPI001614, #162, 0.15%); the third isozyme was de-
tectable but considerably less abundant (ACYPI006561,
#444, 0.051%). PRPP contributes to the synthesis of purines,
pyrimidines and NAD(P). Of these pathways, purine synthesis
is probably particularly important in bacteriocytes (Fig. 5H)
because three of six annotated aphid proteins mediating
the synthesis of inosine monophosphate (IMP) from PRPP
were also in subcluster A2 (ACYPI009448, #81, 0. 24%;
ACYPI010114, #36, 0.42; and ACYPI008919, #88, 0.22%). Of
the remaining proteins in this pathway, amidophosphoribosyl-
transferase (ACYPI001885, #711, 0.02%) and one of the two
isoforms of adenylosuccinate lyase (ACYPI001812, #399,
0.058%) were readily detectable in the bacteriocyte pro-
teome (the second isozyme of adenylosuccinate lyase,
ACYPI007825, was detectable, but was below the threshold
for cluster analysis. The other purine metabolism enzymes
enriched in bacteriocyte samples relate to the predicted pu-
rine metabolite exchange with Buchnera (48): GMP synthase
(ACYPI006177, #278, 0.087%) and two 5nucleotidases
(ACYPI007730, #41, 0.40%; ACYPI002452, #454, 0.049%),
for the production of guanosine, delivered to Buchnera, and
both of the isozymes of adenine phosphoribosyltransferase,
which metabolize adenine, received from Buchnera, to AMP
(ACYPI003436, #24, 0.53%; ACYPI003109, #52, 0.35%) (Fig.
5H). A further protein enriched in bacteriocyte samples was
ACYPI001365 (#214, 0.11%). Although annotated as “insect-
derived growth factor,” the homolog of this protein has been
reported to have adenosine deaminase activity in the fleshfly
Sarcophaga peregrine (49), raising the possibility that this
protein mediates the transformation of adenosine to inosine.
Aphid Transporters Enriched in Bacteriocytes—Five pro-
teins with transporter function were enriched in bacteriocytes.
They are annotated as a candidate Na-dependent phos-
phate transporter (ACYPI003986, #172, 0.14%), a low affinity
cationic amino acid transporter (ACYPI008904, #187, 0.13%),
a K/Cl symporter (ACYPI000507, #281, 0.086%), an ABC
transporter (ACYPI009528, #578, 0.031%), and the mitochon-
drial ATP/ADP translocase (ACYPI000784, #31, 0.44%).
ACYPI003986 (phosphate transporter) is one of two putative
inorganic ion transporters detected in the bacteriocyte pro-
teome, the other being ACYPI001177 (#926, 0.01%), anno-
tated as a sulfate transporter; and these two transporter may
contribute to the delivery of phosphate and sulfate to the
Buchnera cells. ACYPI008904 (cationic amino acid trans-
porter) may mediate the transport of the EAAs arginine and
lysine from Buchnera cells to the surrounding bacteriocyte
cytoplasm. The enriched ABC transporter is the ortholog of
the human ABCA3 (NP_001080.1, member of the ABC1 sub-
family), which is annotated as implicated in lipid (including
cholesterol) transport and programmed cell death.
The proteome of BR samples also included 18 further aphid
transporters, some of which are candidates for mediating the
transfer of metabolites between the host and Buchnera sym-
biont. These transporters include two further amino acid
transporters, ACYPI000536 (#412, 0.051%), the ortholog of
the Drosophila protein CG8785 and ACYPI008971 (#599,
0.029%), mediating H coupled amino acid transport; and a
sugar transporter ACYPI001077 (#613, 0.028%), designated
ApST9 (Price et al., 2010). Four further members of the MFS
superfamily identified in BR samples are probably not
sugar-transporters (ACYPI002278_ApST38, ACYPI010074_
ApST42, ACYPI007742_ApST45, and ACYPI009892, which
has no ApST designation) (50). The bacteriocyte samples had
two monocarboxylate transporters (ACYPI002559, #692,
0.021%, and ACYPI002787, #669, 0.023%), the candidate
substrates for which could include glutamate and aspartate
transferred from aphid to Buchnera (Figs. 5A, 5B), branched-
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chain oxoacid precursors for BCA synthesis by the aphid
BCAT (Fig. 5E), 2-oxobutanoate provided to Buchnera for
isoleucine synthesis (Fig. 5F), and Buchnera-derived organic
acids delivered to the bacteriocyte as substrates for gluco-
neogenesis (Fig. 5G). Three organic cation transporters
(ACYPI007237, #949, 0.0095%; ACYPI007903, #1032,
0.0073%; ACYPI005500, #1204, 0.0037%) were detected.
The organic cations in bacteriocytes likely include poly-
amines, as well as cationic amino acids considered above.
Five ABC transporters (additional to ACYPI009528 enriched in
bacteriocyte samples considered above): two members of the
MDR/TAP family (ACYPI003751 and ACYPI008583), and one
member of the GCN20, White and ABC1 sub families
(ACYPI009003, ACYPI007666, and ACYPI001137, respec-
tively). Finally, a nucleoside transporter (ACYPI006094) which
mediates the movement of nucleosides across membranes
down their concentration gradient, could be responsible for
the guanosine transport from bacteriocyte to Buchnera as a
candidate substrate (Fig. 5H).
Aphid Proteins Depleted in Bacteriocytes—A total of 84
proteins were assigned to subcluster A1b-1, representing the
proteins depleted in bacteriocyte samples relative to the
whole body (supplemental Table 1). These included proteins
involved in protein synthesis (e.g. ribosomal proteins), asso-
ciated with endoplasmic reticulum function (e.g. Ca2-trans-
porting ATPase, ACYPI008535; perlecan, ACYPI010019; and
perlecan, ACYPI010019) and both cytoskeletal and muscle
proteins (e.g. -tubulin, ACYPI008874, which is the most
abundant aphid protein in the whole aphid samples; myosin
proteins ACYPI008178, ACYPI000027; ACYPI006043; -ac-
tinin, ACYPI000667). These data reflect the specialization of
the bacteriocyte to house the Buchnera cells, which occupy
60% of the cytoplasmic volume (51), in contrast to, for
example, myosin-rich muscle, ER-rich fat body cells, and the
embryos with high protein synthesis rates that contribute to
the whole body samples. The depletion of proteins involved in
protein synthesis and ER-processing provides information on
the fate of EAAs released from Buchnera cells, specifically
that the EAAs received by the bacteriocyte are not incorpo-
rated substantially into protein before export to the rest of the
aphid body. Just 14 (17%) of the proteins in cluster A1b-1 had
a metabolic function.
DISCUSSION
Absence of Selective Protein Transfer Between Aphid and
Buchnera—A key purpose of this study was to investigate the
partitioning of host and symbiont proteins across aphid tissues
andBuchnera cells, in order to test whether specific proteins are
transferred selectively between the two partners. In principle,
proteins transferred in either direction could be effector mole-
cules regulating gene expression, metabolism, growth rates,
and other biological functions that regulate or support the sym-
biosis. Such interactions are central to both bacterial pathogen-
esis (48) and the function of various symbioses (52, 53).
No evidence for the selective transfer of proteins among the
partners was obtained from the cluster analysis, which re-
vealed near-perfect separation of the aphid and Buchnera
proteins across the cellular localizations. This result has major
implications for our understanding of Buchnera function. In
the absence of the selective import of proteins from the host
(as occurs on organelles), the gene content of Buchnera en-
compasses the functional capability of this bacterium, thereby
validating previous analyses of Buchnera function based on
the Buchnera gene content alone (14, 43, 54). A further impli-
cation is that Buchnera differs from mitochondria and plastids
(in plants and green algae), the proteomes of which are much
greater than their respective genomes as a result of the spe-
cific targeting of many proteins synthesized by the nucleocy-
toplasm. Taken together with the evidence that functional
Buchnera genes have not been translocated to the aphid
genome (42), these data strongly suggest that Buchnera has
greater genetic independence than organelles. Furthermore, if
this trait is general among the bacteriocyte symbionts of
insects, these data offer some assurance that the widespread
use of bacterial gene content to describe the function of these
bacteria e.g. (55–57) is biologically valid.
The proteome analysis additionally offers no evidence for
the between-partner transfer of effector proteins that func-
tion in partner communication in this symbiosis. This inter-
pretation should, however, be considered as tentative, be-
cause (i) effector proteins that are present in both host and
symbiont may escape detection because they do not nec-
essarily show a strong enrichment pattern, and (ii) only
those 637 proteins/protein groups that were expressed
above our set threshold level were part of the quantitative
cluster analysis. Proteins below this expression threshold,
or even proteins that were not detected, may include such
effectors.
Metabolite Exchange Between Bacteriocytes and Buch-
nera—Biosynthesis and metabolite exchange are central to
the function of the bacteriocyte and its complement of Buch-
nera cells. The growth and survival of the aphid depend on the
sustained synthesis of EAAs by Buchnera; and because Bu-
chnera is intracellular, all its metabolic requirements for
growth and EAA production are derived from the surrounding
bacteriocyte cytoplasm, and ultimately from the hemolymph
(insect blood) bathing the bacteriocytes. The Buchnera pro-
teome included all enzymes coded by the Buchnera genome
that contribute to EAA synthesis, validating the genomic and
transcriptomic evidence that Buchnera can produce EAAs
(14, 58, 59). Furthermore, the abundance of EAA biosynthesis
enzymes does not vary substantially among different biosyn-
thetic pathways even though the amounts predicted from
budget analyses and modeling studies vary among EAAs by
an order of magnitude (43, 60). This discrepancy suggests
that variation in the rates of synthesis among different EAAs is
unlikely to be shaped by variation in abundance of the enzy-
matic machinery, raising the possibility that other factors,
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such as the supply of precursors from the host, might deter-
mine the amount of each EAA that the Buchnera cells produce
and release to the host.
Prior to this analysis, understanding the metabolites ex-
changed between Buchnera and the bacteriocyte was based
primarily on the reconstruction of the Buchnera metabolism
and in silico modeling of flux through the metabolic network
(14, 43, 61). These studies predicted that the host metabolites
taken up by Buchnera cells include glucose as the dominant
carbon source, four nonessential amino acids (nEAAs: serine,
aspartate, glutamate, and glutamine) as precursors of EAAs,
and the nucleoside guanosine as precursor of Buchnera pu-
rines. The finding here that enzymes involved in the produc-
tion of these precursors are enriched in the aphid bacteriocyte
offers empirical validation of the models.
These results, however, raise the question why many of the
core precursors for Buchnera metabolism are synthesized in
the bacteriocyte, when the bacteriocyte could depend entirely
on import of the compounds from the hemolymph bathing the
bacteriocytes. In particular, insect organs in contact with the
hemolymph generally derive their sugar requirement by up-
take and trehalase-mediated hydrolysis of the dominant he-
molymph sugar, trehalose (62). Remarkably, the trehalase
protein was barely detectable in the bacteriocyte, despite the
high predicted glucose demand of the Buchnera cells (43).
Instead, the two rate-limiting steps in gluconeogenesis were
enriched (Fig. 5G), suggesting that bacteriocytes generate
glucose by gluconeogenesis. The inclusion of enzymes me-
diating amino acid and lipid degradation in the protein cluster
depleted in bacteriocytes (subcluster A1b-1 in Fig. 4) sug-
gests that host-derived substrates do not make an important
contribution to gluconeogenesis. This leaves the organic ac-
ids (acetate, fumarate, and succinate), that are the dominant
“overflow metabolites” of the Buchnera metabolic network
(43), as likely substrates for bacteriocyte gluconeogenesis. In
other words, the bacteriocyte can potentially recycle Buch-
nera waste carbon compounds to glucose, which is delivered
back to the Buchnera cells. In this way, the availability of
glucose for uptake by Buchnera varies according to the met-
abolic activity of the complement of Buchnera cells within the
bacteriocyte.
The importance of enzymatic reactions in the bacteriocyte
as the source of inputs to Buchnera metabolism is further
illustrated by the Buchnera amino acid and purine nutrition.
Buchnera derives its supply of the eight nEAAs that it cannot
synthesize (all but glycine and cysteine) from the host. This
proteome study confirms the interpretation from genomic and
transcriptomic analyses (14, 47) that one nEAA, tyrosine, is
generated in the bacteriocyte from the Buchnera-derived EAA
phenylalanine by the aphid phenylalanine hydroxylase. Of the
remaining 7 nEAAs, four contribute to Buchnera-mediated
synthesis of EAAs, and the enzymes generating these nEAAs
(aspartate, glutamate, glutamine, and serine) are enriched and
very abundant in the bacteriocyte proteome (Figs. 6A–6C).
Routes for the synthesis of the other three nEAAs (alanine,
asparagine and proline) are not enriched in the bacteriocyte,
and these amino acids are presumably derived principally
from the hemolymph. Similarly, Buchnera lacks the genetic
capacity to synthesize purines de novo, but can derive its
nucleotide requirements from host-derived nucleosides, prin-
cipally guanosine (14, 61). The detection in the bacteriocyte of
every enzyme contributing to de novo purine synthesis, and
enrichment of several enzymes, including those contributing
directly to the synthesis of guanosine (GMP synthase and
5nucleotidase) (Fig. 5H) suggests that, as with glucose and
nEAAs contributing to Buchnera metabolism, guanosine is
synthesized by the bacteriocyte and not derived from the
hemolymph.
The hypothesis that the major metabolites taken up by
Buchnera are synthesized in the bacteriocyte, and not im-
ported from the hemolymph, is based on protein abundance.
It requires testing by analysis of enzyme activities and metab-
olite flux in vivo. Even so, this likely pattern of host cell
metabolism would facilitate precise, coordinated metabolic
control by the host cell over the concentrations of the precur-
sor pools for Buchnera metabolism. By controlling the supply
of key metabolites to Buchnera, the host can regulate Buch-
nera metabolism, including its capacity for growth and pro-
duction of EAAs. The one major exception to this generality
relates to polyamines. Buchnera is dependent on the supply
of putrescine from the host for its synthesis of spermidine (14),
which is a very abundant Buchnera metabolite (47). In the
absence of evidence for de novo synthesis of putrescine by
ornithine decarboxylase in the bacteriocytes (Fig. 5D), this
crucial substrate for Buchnera is probably derived directly
from the hemolymph.
Metabolite exchange between host and symbiont is also
dependent on transporters of both Buchnera and aphid origin.
This is because each Buchnera cell is bounded by three
membranes, the inner and outer bacterial membranes typical
of a Gram-negative bacterium, and the outermost symbio-
somal membrane of aphid origin (28). Although further re-
search is required to identify the subcellular localization of the
transporter proteins detected in this proteome analysis, the
transporters of Buchnera origin were most likely located in
Buchnera membranes (they were assigned to cluster-B)
whereas many of the aphid transporters were probably sym-
biosomal because this is a very abundant membrane type in
the bacteriocyte. For example, the surface area of the sym-
biosomal membrane is four times the surface area of the
bacteriocyte cell membrane in the 7-day-old larvae used in this
study [calculated from data in (63, 64)]. The annotated specific-
ities of many of the transporters detected are consistent with the
predicted metabolite transfer between the partners (e.g. phos-
phate, sulfate, glucose, amino acids, and nucleosides). Never-
theless, these annotations should be treated with great caution
because their function is extrapolated from E. coli (for Buchnera
transporters) and other insects or even vertebrates (for the
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aphid transporters). To date, the function of none of the trans-
porter proteins identified in the proteome of the bacteriocyte or
Buchnera has been studied empirically.
A further candidate route for exchange between the part-
ners is the hundreds of flagellar bases that cover the surface
of the Buchnera cells (14). These structures have been sug-
gested to mediate the selective transfer of Buchnera proteins
and possibly small molecules to the bacteriocyte cytoplasm
(23, 58). The reasoning is that Buchnera flagellar bases cannot
confer motility because the flagellum and motor proteins are
not encoded in the Buchnera genome (14), and that they
function as Type III secretion systems (to which bacterial
flagellum is evolutionarily related (65, 66). In various patho-
genic and symbiotic bacteria, type III secretion systems me-
diate the selective transfer of proteins from bacteria into eu-
karyotic cells (67). The identification of 20 flagellar proteins in
this proteome study confirms and extends the previous pro-
teomic and microscopical analysis (14). Nevertheless, the
function of these remarkable structures remains unresolved,
beyond the conclusion based on the cluster analysis (see
above) that if they have any role in protein transfer, it is either
nonselective or quantitatively small.
The Bacteriocyte as a Habitat for Symbiotic Bacteria—The
intracellular habitat is widely regarded as an extreme environ-
ment because cells are colonized by relatively few microor-
ganisms. Cellular defenses include efficient trafficking of in-
tracellular microbes to lysosomes, apoptosis of cells infected
by microbes, and the production of humoral immune effec-
tors, such as anti-microbial peptides (68–70). Aphid bacterio-
cytes conform to this generality in some respects. They are
occupied by very few bacterial species: Buchnera, and occa-
sionally other bacteria (“secondary symbionts” e.g. Hamilto-
nella defensa, Regiella insecticola) that occur facultatively in
aphids (71–73).
The nonmetabolic proteins enriched in the bacteriocyte
proteome offer insight into the bacteriocyte as a habitat for
bacteria. In particular, multiple subunits of the V-type H
transporting ATPase (V-ATPase) are very abundant and en-
riched in the bacteriocyte proteome. The membrane localiza-
tion of this ATPase has yet to be determined, but likely in-
cludes the lysosomes. Its abundance suggests that it may
also be localized to the symbiosomal membranes, which are
a major membrane fraction of bacteriocytes (see above), with
the implication that the immediate environment of the Buch-
nera cells may be acidic.
Among the annotated immune-related genes, the only ones
enriched in bacteriocytes are the two subunits of phenoloxi-
dase. Phenoloxidase catalyzes the hydroxylation of mono-
phenols to o-diphenols and ultimately to highly reactive qui-
nines that react with oxygen to generate hydrogen peroxide
and other reactive oxygen species (74). These reactions con-
tribute to the sclerotization of insect cuticle and synthesis of
melanin, which is important in wound healing and encapsu-
lation of fungi, parasitic wasps etc., especially in the hemo-
lymph (75, 76). The site of activity of the bacteriocyte phe-
noloxidase remains to be established. It may be released into
the hemolymph, where it contributes to the hemolymph-
based defenses, with the implication that the function of
bacteriocytes extends beyond housing the Buchnera symbi-
onts to contribute to the systemic immunity of the insect.
Additionally or alternatively, phenoloxidase-mediated produc-
tion of hydrogen peroxide may impose oxidative stress within
the bacteriocyte. An independent indication that Buchnera is
exposed to oxidative stress is that alkyl hydroperoxide re-
ductase (AhpC) is the second most abundant protein in
Buchnera cells studied here. The E. coli AhpC scavenges
endogenous hydrogen peroxide, generated in particular by
flavoenzymes, notably NADH dehydrogenase (NuoA-N) also
present in Buchnera (77). The role of AhpC in protecting
Buchnera from reactive oxygen species of endogenous or-
igin and potentially generated by the host phenoloxidase is
predicted to be particularly important because the Buch-
nera genome lacks homologs of the E. coli catalase genes
katE and katG (14).
The bacteriocidal protein lysozyme has been reported pre-
viously as a major bacteriocyte transcript (47), but it was
detected at low abundance in the proteome of just one of the
three replicates studied here. Given that the proteome anal-
ysis was conducted on precisely-aged larval aphids in which
Buchnera degradation is minimal (51, 63, 78), this result sug-
gests that lysozyme is not important in regulation of the
functional symbiosis. As reported previously (78), lysozyme
may contribute to the orchestrated symbiosis breakdown in
older insects.
A striking feature of this study is the lack of known immune
effectors (41) that are enriched or abundant in the bacterio-
cyte proteome in 7-day old larvae, even though Buchnera
cells occupy more than 60% of the volume of these cells.
Aphid proteins without sequence homology to previously de-
scribed immune-related proteins are also most unlikely to
mediate immune responses in the aphid bacteriocyte be-
cause none of the proteins enriched in bacteriocytes are
coded by either hypothetical or orphan genes. This condition
is in stark contrast to various other animal-microbial symbio-
ses, including independently-evolved bacteriocyte symbioses
in other insects, where the host immune system plays a
central role in determining the abundance and proliferation of
the microbial symbionts (79–81). These considerations raise
the possibility that, with the possible exception of the aphid
phenoloxidase, the immune system may play little or no direct
role in controlling the abundance and traits of Buchnera cells
in the functional symbiosis of 7-day-old larvae. The domi-
nance of enriched bacteriocyte proteins by metabolic en-
zymes involved in the supply of metabolites to the Buchnera
raises the alternative hypothesis, that the Buchnera function,
including population increase that is tightly coordinated with
the host and sustained nutrient release, is regulated princi-
pally by the metabolic relations of the bacteria with the host
Proteomics of the Pea Aphid-Buchnera Symbiosis
10.1074/mcp.M110.007039–14 Molecular & Cellular Proteomics 10.6
 by guest on A
ugust 23, 2019
http://w
w
w
.m
cponline.org/
D
ow
nloaded from
 
cell. The important implication is that the specialized function
of the bacteriocyte, which evolved de novo at the evolutionary
inception of the aphid-Buchnera symbiosis, may not be un-
derpinned by a suite of novel gene products unique to aphids.
Instead, this novel cell type is founded on a unique expression
profile of host and bacterial genes, many of which are indi-
vidually widely distributed among animals and bacteria, re-
spectively, and beyond.
Community Resources—More than 2.5 million MS/MS were
acquired here on a high resolution (100,000), high accuracy
mass spectrometer, and deposited in the public domain
(PRIDE - http://www.ebi.ac.uk/pride/). These spectra provide
a rich resource for improved aphid genome annotation. The
pea aphid genome has only been assembled recently (Inter-
national Aphid Genomics Consortium, 2010). It includes un-
supported ab initio models, partial gene models, and genes
incorrectly shown as duplicated in the first genome assembly.
The MS/MS spectra provide a resource to the community to
identify and validate gene models (proteogenomics).
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